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Abstract. We present new optical imagery of the X-ray 
bright elliptical galaxy NGC 5846, the dominant galaxy of 
a small group of galaxies. A filamentary dust lane with a 
dust mass of ~ 7 10 3 M Q is detected in the central few kpc 
of NGC 5846. The optical extinction properties of the dust 
features are consistent with those of dust in our Galaxy. 
The morphology of the dust features are strikingly similar 
to that observed for the optical nebulosity and the X- 
ray emission. A physical connection between the different 
phases of the interstellar medium therefore seems likely. 

We discuss three different options for the origin of the 
dusty nebular filaments: Condensation out of a cooling 
flow, mass loss of late-type stars within NGC 5846, and 
material donated by a small neighbouring galaxy. We con- 
clude that the dust as well as the optical nebulosity are 
most likely products of a recent interaction with a small, 
relatively gas-rich galaxy, probably of Magellanic type. 

Dust grains in the dust lane are destroyed by sputter- 
ing in the hot, X-ray-emitting gas in ^ 10 7 yr, which is 
shorter than the crossing time of a (small) galaxy through 
the central 5 kpc of NGC 5846. This indicates that the 
dust must be replenished to be consistent with the ob- 
served dust mass, at a rate of ~ 10 -3 M© yr -1 . We argue 
that this replenishment can be achieved by evaporation of 
cool, dense gas cloudlets that were brought in during the 
interaction. The evaporation rate of cool gas in NGC 5846 
is consistent with the "mass deposition rate" derived from 
X-ray measurements. 

The energy lost by the hot gas through heating of dust 
grains and evaporation of cool gas clouds in the central few 
kpc of NGC 5846 is adequately balanced by heat sources: 
transport of heat by electron conduction into the core of 
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the X-ray-emitting gas and loss of kinetic energy of the in- 
falling galaxy. There does not seem to be a need to invoke 
the presence of a "cooling flow" to explain the X-ray and 
optical data. 

Key words: galaxies: individual (NGC 5846) - galaxies: 
elliptical and lenticular, cD - galaxies: ISM - galaxies: 
structure 



1. Introduction 

Elliptical galaxies have long been considered to be inert 
stellar systems, essentially devoid of interstellar matter. 
However, our understanding of the nature of the interstel- 
lar medium (ISM) in elliptical galaxies has undergone a 
radical change from this consensus that prevailed only a 
dozen of years ago. Recent advances in instrumental sensi- 
tivity across the electro-magnetic spectrum have revealed 
the presence of a complex, diverse ISM in elliptical galax- 
ies. 

The ISM of luminous (M B ^ -21.0) elliptical galax- 
ies is generally dominated (in mass] by hot (T ~ 10 7 K), 
X-ray-emitting gas (10 9 — 10 11 MqEI; e.g., Canizares, Fab- 
biano & Trinchieri 1987[ ). Relatively small, varying quan- 



tities of cool neutral gas (^ 10 7 M ; cf. Lees et al 
Wiklind, Combes fc H enkel [1995D , dust (10 4 - 10 
e.g., Knapp et al. 1989| ; Goudfrooij 



1991 



optical nebulosity (10 3 
Goudfrooij et al 



M Q ; 

de Jong [19951), and 



10 5 M Q ; e.g., Buson et al 
1994b|: Macchetto et al 



1993 



1996) have also 



been detected. Hence, all ISM components known to exist 
in spiral galaxies are now accessible in elliptical galaxies 
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as well (although in rather different proportions). Unlike 
the situation in spiral galaxies however, it still remains 
unclear — and controversial — what the correct descrip- 
tion of that fSM is, i.e., what the nature, origin and fate 
of the different components of the ISM are, and what the 
dominant process is that dictates the interplay between 
them. 

A number of theoretical concepts have been developed 
for the secular evolution of the ISM of luminous elliptical 
galaxies. One of the currently most popular concepts is 
the "cooling flow" scenario (recently reviewed by Fabian, 
1994): The global dynamics of the hot gas present in X- 
ray bright elliptical galaxies is controlled by the relative 
efficiencies of heating and cooling processes. The cooling 
time of the gas decreases strongly with decreasing radius; 
in case the heating sources (stellar mass loss; supernova 
heating) are not strong enough to balance the cooling, a 
pressure-driven "cooling flow" will occur, in which the gas 
flows subsonically inward, where it converts into emission- 
line filaments, cooler gas and/or (low-mass) stars. Typical 
quoted values for the mass inflow rates derived from the X- 
ray data are 0.1 — 1 M© yr _1 for giant elliptical galaxies 
which are not at the centre of clusters (Thomas et al. 
1986D , and up to several 10 2 M© yr _1 for cent ral dominant 
galaxies in clusters (e.g., Steward et al. 1984 ). 

An alternative concept is the "evaporation flow" sce- 
nario [independently proposed by Sparks, Macchetto & 
Golombek Ql989| ) and de Jong et al. Q1990D ] in which 
clouds of cold gas and dust have been accreted during 
post-collapse galaxy interactions. In this scenario, thermal 
interaction between the cool accreted gas and dust and the 
pre-existing hot gas locally cools the hot gas (thus mim- 
icking a cooling flow) while heating the cool gas and dust, 
thereby giving rise to optical and far-infrared emission. 
A prediction of this scenario is that the X-ray-emitting 
gas distribution should follow t hat o f the optical nebulos- 
ity qui te clo sely (Sparks et al. 198S ; de Jong et al. 199C ; 
Sparks |l992| ), and that dust should be associated with the 
optical nebulosity. 

In order to properly assess the appropriateness of ei- 
ther of these two scenarios, it is important to study the 
relation between the hot and cooler components of the 
ISM. To date, the study of this relation has been re- 
stricted to statistical comparisons between the total Ha 
and X-ray luminosities of early-type galaxies detected by 
the Einst ein sa tellite (Shields [1991 ; Trinchieri & di Serego 
Alighieri |l99l| [her einafter TdSA]; Goudfrooij |l997t Mac- 



chetto et al. [L996[) . These studies have produced some- 



what ambiguous conclusions, which is most probabl y due 
to different observational flux thresholds: Shields ( 1991 ) 
found essen tially no correlation, where as TdSA, Goud- 
frooij ( 1997 ) and Macchetto et al. ( 1996| ) found that — on 
average — galaxies with a larger content of hot gas also 
have more powerful line emission (often extended, at low 
surface brightness). However, the scatter in this relation is 



significant (like most of the correlations that involve X-ray 
emission), and clearly needs to be better understood. 

In order to study the relation between the hot and 
cooler components of the ISM in detail, high spatial reso- 
lution imaging at X-ray and optical wavelengths of X-ray 
bright, Ha-cmitting early-type galaxies are called for. Here 
we present the results of such a study for NGC 5846, for 
which a detailed comparison between high spatial resolu- 
tion X-ray data and optical broad-band and narrow-band 
CCD imaging has been possible. 

2. NGC 5846 

NGC 5846 (= UGC 9706 = PG C 53932) is a giant E0 
galaxy (de Vaucouleurs et al. 199l| , hereinafter RC3) which 
dominates a small group of galaxies [group LGG 398 of 
Garcia ( 1993j )], containing 8 members. NGC 5846 contains 
a compact radio core with a brightness of 20.9 mJy at 20 
cm (Mollenhoff, Hummel & Bender 1992). Einstein obser- 
vations of NGC 5846 have revealed the presence of a large 
reservoir of X-ray-emitting gas, extending out to ~ 120 
kpc (Biermann, Kronberg & Schmutzler 1989), which is 
equivalent to about 10 optical effective radii (cf. Bender, 
Burstein & Faber 1992). The total mass of hot gas is 
~ 10 11 M Q , and the potential well of the hot gas corre- 
sponds to a virial mass of almost 10 13 M©, which is very 
similar to that of M 87, th e dom inant elliptical of the Virgo 
cluster (Biermann et al. |1989| ). Global galaxy properties 
of NGC 5846 are listed in Table @. 

3. Observations and data analysis 

We obtained deep CCD images of NGC 5846 on May 28, 
1996. We used the 3.5-m New Technology Telescope of the 
European Southern Observatory (ESO) on Cerro La Silla, 
Chile. The red arm of the EMMI instrument was used, 
which operates at f/5.2. The detector was a thin, back- 
illuminated CCD of type Tektronix TK2048EB Grade 
2, having 2048x2048 sensitive pixels. We employed the 
"fast" readout mode, featuring a read-out noise of 5.2 e~. 
The pixel size was 24/imx24/xm, yielding a scale of 0.27 
arcsec per pixel. NGC 5846 was observed through Bessel 

V and I filters, with total exposure times of 27 and 18 min, 
respectively. Multiple exposures were taken to enable easy 
removal of cosmic radiation events. The seeing was l'.'O in 

V and 0'.'8 in /, and the weather was photometric. 

3.1. CCD data reduction 

We used the ESO MIDAS image processing system for 
the basic reduction of the CCD images. We co-added 20 
"bias" frames to construct a master bias frame which is 
free of cosmic radiation events and for which the effect 
of read-out noise is negligible. This master bias frame 
was subtracted from the science images after having been 
matched in absolute level, using the serial overscan re- 
gion of the CCD. The images have been flat fielded using 
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Table 1. Global properties of NGC 5846. 



Parameter 


Value 


Reference 


RA (J2000.0) 


15 d 06 I, 29 , !17 


MHB92 


DEC (J2000.0) 


+01°36' 20"9 


MHB92 


Galaxy Type 


EO 


RC3 




S0i(0) 


RSA 


''off 


69" 


BBF92 


o 


977 km 


D+87 


Bt 


11.05 


RC3 


-A-b, foreground 


0.14 


BH84 


(B - V) cS 


1.03 


RC3 


(U-B) cS 


0.57 


RC3 


^hcl 


1822 km s _1 


RC3 


Vgrp 


1595 km s" 1 


F+89 


Distance 


31.9 Mpc 




M% T 


-21.99 


** 



Notes to Table 1. 

Parameters: r e g = Effective radius; ao = central velocity dis- 
persion; Bt = Total B magnitude; A B ^ foreground = Absorption 
in B band due to ISM in our Galaxy; (B — V) c g, (U — -B) e ff = 
Mean colours inside the effective radius; v^ e i = Heliocentric 
velocity; u gr p = Group velocity; Mg T = Total absolute B mag- 
nitude, corrected for Galactic absorption. 

References: BBF92 = Bender et al. (1992); BH84 = Burstein 
& Heiles (1984); D+87 = Davies et al. (1987); F+89 = Faber et 
al. (1989); MHB92 = Mollenhoff et al. (1992); RC3 = de Vau- 
couleurs et al. (1991); RSA = Sandage & Tammann (1987); * 
= derived from V^rp; ** = derived from Bt and A B ^ foreground- 



both dome flat fields illuminated by scattered sunlight and 
twilight sky exposures. The dome flat fields were used to 
correct for high spatial frequency variations, e.g., pixel- 
to-pixel variations. The twilight sky exposures were used 
to correct for the low- frequency spatial variations, since 
their colour temperature is better matched to that of the 
science images obtained at night. 

Cosmic radiation events in the individual images were 
removed by an appropriate averaging program. First, the 
images taken through the same filter were aligned to a 
common coordinate system, using the centroids of stars 
in the field of view. This alignment procedure was accu- 
rate to within 0.03 pixel. The images were subsequently 
averaged together by comparing all individual pixel values 
(per unit exposure time) with the median value over all 
frames (taken using the same filter). Individual pixels are 
rejected in the averaging process if their value exceeds the 
range expected from the (sky + read-out) noise. 

3.2. Surface photometry 

Ellipses were fitted to the isophotes of the galaxy im- 
ages using the "ellipse" fitting program in the sts= 
das. analysis. isophote package, running within the IRAFD 



image processing system. The position angle, ellipticity, 
and centre of the ellipses were free parameters in the fit, 
as long as the signal-to-noise was sufficient. The residuals 
from the fit are parame terize d in terms of Fourier coeffi- 
cients (see Jedrzejcwski 1987 ). Before the model fits were 
executed, image pixels occupied by foreground stars and 
neighbouring galaxies were flagged and ignored in the fur- 
ther analysis. Residual deviant sample points at each fit- 
ted isophote were identified (and ignored) using a K-sigma 
clipping algorithm. 

The sky background level and its uncertainty was de- 
termined by fitting power laws to the outer parts of the 
model intensity profiles as described in Goudfrooij et al. 
( |l994a|) . 

Absolute flux calibration was achieved through obser- 
vations of standard stars from Graham ( 1982| ). Care was 
taken to choose stars with colours similar to elliptical 
galaxies to eliminate the dependence on colour terms in 
the calibration. The observations were corrected for atmo- 
spheric extinction using the values in the 1993 version of 
the ESO Handbook (Schwarz et al.), and for Galactic fore- 
ground extinction using the Ab value in Burstein & Heiles 
( |1984[) , listed in Table 0. We assumed A v = 0.75A B and 
Aj = 0.45 Ab- These extinction coefficients have been cal- 
culated using the standard Galactic extinction curve (e.g., 
Mathis 199C| ) and the filter specifications given by Bessell 
( |1979D . 

After a successful fitting procedure, model images with 
purely elliptical isophotes were reconstructed from the fit. 
Model intensities of individual image pixels were recon- 
structed by a spline fit to the radial intensity profile of 
the elliptical fit. Subtraction of the model fit from the 
original image was done as a sanity check of the quality 
of the fit. 



4. Results 

4-1. Surface brightness profile 

The results of the surface photometry are given in graph- 
ical form in Fig s. | and |. Outside the inner few arcsec 
where seeing limits any further increase in surface bright- 
ness, the radial surface brightnes s pro file of NGC 5846 
closely follows a de Vaucouleurs ( 1959 ) law (cf. Fig. |l]), 
confirming its RC3 classification as an E0 galaxy. The V—I 
colour gradient is very small: the colour stays essentially 
constant out to -40" (cf. Fig. |). 

4-2. High- order Fourier terms 

Fig. ^ shows the presence of significant third-order Fourier 
terms in NGC 5846, especially in the inner 10", which 
are more significant in V than in /. This behaviour is 
expected in the presence of dust features (see Goudfrooij 



2 iraf is distributed by the National Optical Astronomy Ob- 
servatories, which is operated by the Association of Research 
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Fig. 2. The radial profiles of V surface brightness, V — I colour index, ellipticity, position angle, and the sine and cosine W 
and AO terms (where 8 is the position angle with respect to the major axis of the ellipse; these Fourier terms are referred to as 
S3, S4, C3, and C4) for NGC 5846. The different symbols indicate data from different passbands, as shown in the legend of the 
surface brightness plot 
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Fig. 1. /-band surface brightness versus radius 1 ^ 4 for 



NGC 5846 



et al. 1994a). Also the cos AO term seems to be influenced 
by dust. Taking into account the influence of dust, the only 
significant deviation of the stellar light from pure ellipses 
seems to be a slightly negative sin AO component in the 
inner 5", which indicates some excess light at about 67? 5 
from the major axis of the galaxy. 



from the galaxy im- 
dust features in a 



4-3. Dust in the central region 

Subtraction of an elliptical model 
age reveals distinct, filamentary 
"boomerang" shape, reaching out to ~ 12" from the nu- 
cleus, beyond which they become less obvious to detect. 
Tentative detections of dust were already reported by 
TdSA and Buson et al. ( 1993 ), who however did not pur- 
sue any further quantitative investigation and did not have 
multi-colour imagery. Veron-Cetty & Veron ( 1988 ) did not 
find dust in NGC 5846. 
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Fig. 3. Positive grey-scale reproduction of the central 70" x70" 
of NGC 5846. North is up and east is to the left. A model 
consisting of purely elliptical isophotes has been subtracted 
from the l/-band image of the galaxy. Several dust features 
can be seen in the inner regions, as well as globular clusters 
associated with NGC 5846 and background disk galaxies. The 
bright stellar object 30" north of NGC 5846 is a foreground 
star, and the extended object at the lower edge of the image is 
NGC 5846A, a dwarf elliptical galaxy 



Given the existence of the dust features, we reiter- 
ated the ellipse fitting procedure once again, now with 
the dusty regions nagged and discarded from the fit, so 
that the fitted ellipses accurately describe the underlying 
stellar light distribution. A grey scale plot of the residuals 
of the final fit is shown in Fig. pEi. A qualitative check 
on the reality of the dust features in the central part 
(r < 10") — where the uncertainties in the ellipse fit are 
arguably largest — is provided by the fact that they are 
also clearly seen in the HST/WFPC2 image published by 
Forbes, Brodie & Huchra ( |1997| ) in their study of the glob- 
ular cluster system of NGC 5846. 



where /\,obs is the observed intensity level (of any indi- 
vidual image pixel), and /a, model is the intensity level of 
the purely elliptical model image described above. The 
Aj image was aligned with the Ay image, and rebinncd 
to a common coordinate system. The uncertainty of the 
alignment was 0.02 pixel. After slightly smoothing the 
(rebinned) Aj image to match the seeing of the V im- 
age, masks were set up covering the regions occupied by 
dust. Numerical values for Ay and Aj were then extracted 
within those masks for independent, rectangular boxes, 
comparable in size to the seeing. The scatter within each 
box was used (along with the sky background subtraction 
uncertainty) to estimate the uncertainty associated with 
these measurements. 

A plot of Ay versus Aj of these boxes is shown in Fig. 
||, along with models for different extinction curves. As 
Mathis ( 1990 ) concluded in his review, the Galactic in- 
terstellar extinction curve from the far-IR to the UV is 
mainly a function of Ry = Ay / 'Eb-v • In Fig- H we nave 
drawn the relation between Ay and Ai for Ry = 3.1 (aver- 
age value for dust in Galactic ISM) and 5.0 (dust in outer 
clouds of our Galaxy). In addition, we have drawn the ex- 
tinction curve for Ry = 2.5 as tabulated by Steenman & 
The ( 1989Q . Low values for Ry such as this — which indi- 
cate a relatively low value of the abundance ratio of large 
grains to small grains — are commonly found in elliptical 
galaxies with large-scale dust lanes, which is thought to 
be the result of evolved destruction of dust grains since 
the time the dust in the rapidly rotating dust lanes was 
accreted from outside (Goudfrooij et al. 1994c). 

Figure || shows that the extinction values for the dust 
in NGC 5846 are best fit with the curve for Ry = 3.1, 
the canonical value for dust in our Galaxy. While these 
data cannot really dismiss other values of Ry (especially 
values slightly larger than 3.1), this means that the dust 
in NGC 5846 is consistent with having "normal" Galac- 
tic properties. This result holds when taking into account 
the effect of the presence of foreground stars (see, e.g., 
N0rgaard-Nielsen et al. 1993] ) to the appearance of the 
extinction curve (cf. Fig. |4|). In the scenario of Goudfrooij 
et al. ( |1994cD , this means that the dust in NGC 5846 is rel- 
atively young (younger than ~ 10 9 yr), which is consistent 
with the filamentary structure of the dust lane. 



5. Properties of the dust in NGC 5846 

5.1. Extinction curve 

To investigate quantitative properties of the dust extinc- 
tion in NGC 5846, we used the final model images to cre- 
ate "extinction" maps, 



A x = -2.5 loe 



Ja,o 



bs 



'A, model 



(1) 



3 Note, however, that this method does not reliably reveal 
dust features in the inner few seeing disks from the centre. 



5.2. Mass of dust 

The amount of dust can be derived from the A\ values by 
assuming a grain size distribution as well as a compo sition 
of the dust grains (see, e.g., Goudfrooij et al. 1994c ). For 
a given grain size distribution function n(a) where a is 
the grain radius, the cross-section for spherical particles 
at wavelength A can be written as 



Cext(A) 



t(a, A) tto 2 nia) da 



(2) 
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Fig. 4. Av versus Ai for dust features in NGC 5846. The 
Galactic extinction curves from Mathis (1990) are drawn for 
Rv =3.1 (solid line) and Rv = 5.0 (long-dashed line). The 
extinction curve for Rv = 2.5 from Steenman & The (1989) 
is also drawn (long-short-long dashed line). The short-dashed 
line represents the extinction curve for Rv = 3.1 in case 50% 
of the stars in NGC 5846 are in front of the dust for any given 
line of sight 



(see, e.g., Spitzer 1978j) , where a_ and a+ represent the 
lower and upper cutoffs of the grain size distribution, re- 
spectively, and Q C xt(a, A) is the extinction efficiency at 
wavelength A. The total extinction in magnitudes at wave- 
length A can then be written as 



,4 A = 1.086C cxt (A) xZ d 



(3) 



where Id is the length of the dust column in the line of 
sight. The dust column density Ed [g cm -2 ] is 



°+ 4 

— 7ra 3 pa n(a) da x Z<j 
o 



(4) 



where pd is the specific grain mass density, which we as- 
sume to be 3 g cm~ 3 (Draine & Lee 1984 ; this represents 
the average of their graphite and silicate grain models). 
Hence, dust masses can be estimated from the measured 
Ay values by making sensible assumptions for a_, a+, 
n(a) and Q ext (a, V). 

From the available data, we have reason to believe that 
the dust in N GC 5846 is similar to that in our Galaxy 
(cf. Sect. 5.1). Hence, we assume the grain size distribu- 
tion to be the Galactic one (n(a) cx a -3 5 , cf. Mathis, 
Rumpl & Nordsieck 1977p. Using extinction efficiencies 
for graphite and "dirty silicate" grains listed by Goudfrooij 
et al. (1994c), and assumed equal abundances of graphite 



4 Note that we only have information about the "large" 
grains (radius of order 0.1 (im) which absorb optical light. Our 
measurements are not sensitive to extinction by small grains, 
which has to be studied in the UV. 



and silicate grains (cf. Draine & Lee 1984), the resulting 
dust mass is Aid ~ 7.1 10 3 D\ x 9 M©, where D31.9 is the 
distance in units of 31.9 Mpc. Here we assumed that 50% 
of the stars in NGC 5846 are in front of the dust for any 
given line of sight. 

5.3. Temperature of dust; far-infrared emission 

Following the methods detailed upon by Goudfrooij & 
de Jong (1995), we have calculated the expected radial 
dust temperature profile for NGC 5846. Being embed- 
ded in a luminous X-ray-emitting halo, the dust grains 
in NGC 5846 are heated by two main processes: (i) stel- 
lar heating (the "general interstellar radiation field" ) , and 
(ii) collisions with hot electrons in the X-ray-emitting gas 
(Dwek 1986; de Jong et al. 1990). We used the surface 



brightness profiles presented in Sect. 4.1 to derive the ra- 



dial gradient of the average intensity of optical radiation. 
As to the heating by hot electrons, we used the radial 



electron density profile of Trinchieri et al. (1997), which 



was derived from ROSAT HRI images. For the electron 
temperature we assumed kT c = 0.56 keV which is the av- 
erage temp erature in the — 1 arcmin range (Trinchieri 
et al. 1997 ). Dust temperatures were then calculated by 
equating the heating rates with the cooling rate of a dust 
grain by infrared emission (see Goudfrooij & de Jong 1995 
for further details). The resulting radial dust tempera- 
ture profiles are presented in Fig. [| The dust tempera- 
tures were determined for a grain size of a = 0.1 ^m, 
and therefore representative of the "large" grains, which 
absorb optical light. Inclusion of the small grains with 
radius a <, 0.01 /im, which are stochastically heated to 
high temperatures (e.g., Dwek 1986), can in principle raise 
the average grain temperature somewhat, especially in a 
case where the grain size distribution includes a relatively 
substantial amount of small grains. However, we believe 
that this is not the case in X-ray bright ellipticals such 
as NGC 5846, for the following reasons: (i) the sputtering 
time for small grains in a hot gas with T e ~ 10 7 K is ex- 
tremely short, e.g., Ss 10 6 yr for grains of radius 0.01 pm 
(cf. Sect. [?]), so that they will be preferentially removed 
from the grain size distribution; (ii) the 12 and 25 pm. 
IRAS flux densities of giant elliptical galaxies rule out any 
significant contribution from emission by small grains as 
they are entirely consistent with the combination of the 
contributions of stellar (photospheric) and circum stellar 
dust aroun d late-type stars (cf. Knapp et al. 1992 ; Goud- 
frooij 1994 ). Furthermore, the appropriate average value 
for a grain radius when determining the average grain tem- 
perature is that weighted by the contribution of each grain 
to the infrared emission and hence by the grain volume o 3 : 



<a> 



an(a) a 3 da 
n(a) a 3 da 



(cf. also Hildebrand 1983 ). For a grain siz e dist ribution 
such as the one proposed by Mathis et al. (1977; n(a) cx 
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a 3 ' 5 ), we obtain <a> = 0.1 /im, the grain size we used 
to determine the grain temperature. 



40 - 




10 

Radius [arcsec] 

Fig. 5. Plots of the local dust temperature due to stellar heat- 
ing (solid line) and due to heating by hot electrons in the 
X-ray-emitting gas (dashed line) versus distance from the cen- 
tre of NGC 5846 



We have checked whether our derived dust temper- 
ature distribution is con sisten t with the IRAS data on 
NGC 5846 (Knapp et al. |1989| ). Assuming a A" 1 emissiv- 
ity law at wavelengths A 100/im, the IRAS emission 
from (Galactic) dust is 



S v = 1.96 x 10 10 L>Mp C A 



Ma 



exp(1.4410 4 /A M T d )-l 



(5) 



(cf. Goudfrooij & de Jong 1995) where S u is the IRAS flux 
density in mJy, -Dmpc is the distance of the Galaxy in Mpc, 
Md is the dust mass in solar units, A M is the wavelength 
in fim, and Td is the dust temperature. We extracted the 
Ay values of image pixels occupied by dust features. Dust 
temperatures, and hence IRAS flux densities at 60 and 100 
fim (cf. Eq. ||) were then calculated for each image pixel, 
according to their (projected) distance from the galaxy 
nucleus. The resulting total flux densities are Sqo = 12.1 
mJy and Sioo = 22.2 mJy, which is consistent with the 1 a 
upper limits from IRAS : Sqq < 37 mJy and 6*100 < 112 
mJy (Knapp et al. |l989|) . 



6. Comparison between different components of 
the ISM in NGC 5846 

The distributions of dust, optical nebulosity, and X-ray 
emission in the central 200 x 200 arcsec of NGC 5846 
are depicted in FigJ|. The ROSAT HRI map is from 



Trinchieri et al. ( 1997 ), and the Ha+[Nn] map is from 
TdSA. To suppress noise from the sky background, both 
of these two maps have been slightly smoothed by convolu- 
tion with circular Gaussians. The values of a were 2'.'5 and 



0'.'3, respectively. The X-ray- and Ha+[Nll] morphologies 
have been described in detail before; here we only mention 
features that are relevant to the discussion in Sect. fj] and 



6.1. Optical nebulosity vs. X-ray emission 

The morphology of the X-ray emission in NGC 5846 is 
highly asymmetric and clumpy relative to that of the 
stellar (optical) emission (NGC 5846 is a very round E0 
galaxy). The asymmetry is mostly caused by enhanced 
emission in the NE quadrant; interestingly, X-ray spectral 
data from the ROSAT PSPC show that the emission in the 
NE quadrant is cooler than in the other three quadr ants a t 
the same distance from the centre (Trinchieri et al. 1997 ). 
The distribution of Ha+[Nn] emission in NGC 5846 is 
also rather complex and asymmetric. Filamentary struc- 
tures are visible at different scales. The most extended 
filament is pointed towards the NE, where the excess X- 
ray emission is also situated. All in all, there seems to be a 
spatial correlation between X-ray and Ha+ [N 11] emission 
features, strongly suggesting a close physical link between 
the "hot" and "warm" components of the ISM. 

We note that this spatial corre lation has also been 
found in NGC 1553 (Trinchieri et al. |l997|) and NGC 4696 
(Sparks, Jedrzejewski & Macchetto 1994 ). All of these 
three X-ray-emitting ellipticals exhibit X-ray morpholo- 
gies that are much more clumpy and asymmetric than 
their smooth optical (broad-band) isophotes. 



6.2. Optical nebulosity vs. dust absorption 

As the dust lane is small compared with the angular di- 
mension of the X-ray emission, we depict the distributions 
of dust and optical nebulosity in the inner 60 x 60 arc- 
sec of NGC 5846 separately in Fig. |?]. An important result 
of this comparison is that the dust lane is associated with 
the filament system that has the highest Ha+ [N 11] surface 
brightness in NGC 5846. Hints of the other, roughly radi- 
ally distributed Ha+[N 11] -emitting filaments (which have 
lower surface brightness) are visible in the Ay image when 
inspected on a computer scree n (and in the HST/WFPC2 
image of Forbes et al. 1997 ), but unfortunately hardly 
recognizable on the grey-scale reproduction in Fig. (7| The 
remaining Ha+[Nn] emission, which has a significantly 
lower surface brightness and a more spherically symmet- 
ric distribution, does not have an obvious counterpart in 
the Ay image. This does not imply that the nebulosity at 
low surface brightness is not associated with dust, since 
the method used to reveal the dust features (cf. Sect. 4.3) 
is not appropriate for detecting a diffuse distribution of 
dust. 

The finding of dust being associated with optical neb- 
ulosity in X-ray bright elliptical galaxies is by no means 
limited to the case of NGC 5846: this association has 
now been identified in several X-ray bright ellipticals (cf. 
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J0rgensen et al. 1983; Hansen et al. 1985 





1989, 1993; dc Jong et al. 1990; Goudfrooij et al 



Sparks et al. 
|l994bt 



Pinkney et al. |1996|) . A physical connection between the 



dust and the optical nebulosity seems to be required to 
explain this observed association. 

7. Origin of dust and ionized gas in NGC 5846 

Taken at face value, the mere presence of dust features in 
the central region of an X-ray bright elliptical galaxy such 
as NGC 5846 is an important finding in the context of as- 
sessing the appropriateness of the "cooling flow" and/or 
the "evaporation flow" scenarios mentioned in Sect. [I], 
since the local physical conditions are very hostile for dust 
grains. In the following discussion, we will address impli- 
cations of the presence of dust in X-ray bright ellipticals to 
the interpretation of properties of their multi-phase ISM, 
both specifically for the case of NGC 5846 and in a more 
general sense. 

7.1. Cooling flow origin ? 

The lifetime of a dust grain of radius a against collisions 
with hot protons and a-particles ("sputtering") in a hot 
gas with T ~ 10 7 K is 



Td 



do. 
dt 



2 x 10' 



Vcm J / 



0.1 fim 



yr 



(6) 



(Draine & Salpeter |1979[ Tielens et al. ^994J), which is 
typically of order only ~ 10 7 yr for grains of radius 0.1 /xm 
in the central few kpc of X-ray bright ellipticals such as 
NGC 5846 (and proportionally shorter for smaller grains). 
Hence, any matter that condenses out of a "cooling flow" 
in the central regions of early-type galaxies is very likely 
to be devoid of dust. This is illustrated by e.g., the finding 
that the intergalactic medium within the Coma cluster is 
depleted in dust by a factor of ~ 140 with respect to the 



Galactic dust-to-gas ratio (Dwek et al. 1990). 

The cooling gas is also unlikely to generate dust inter- 
nally: While pressures in the central regions of a cooling 
flow (nT ~ 10 5 — 10 6 cm -3 K) are high compared with 
typical pressures in the diffuse ISM in our Galaxy, they 
are still significantly lower than those of known sites of 
grain formation such as the atmospheres of red giant stars 
(nT ~ 10 11 cm~ 3 K; Tielens |l99C| ) . 



Fig. 6. Grey-scale reproductions of the distributions of X-ray 
emission (top), Ha+[Nn] emission (middle), and Ay of dust 
extinction in the central 200 x 200 arcsec of NGC 5846. North 
is up and east is to the left. We used a logarithmic grey-scale 
transfer table for the X-ray- and Ha+[Nll] images to en- 
hance the low surface brightness features. The X-ray map is 
the ROSAT HRI image from Trinchieri et al. (1997), and the 
Ha+[Nll] image was published before in TdSA 



7.2. Stellar mass loss ? 

Dust and gas are continuously injected into the ISM of 
early-type galaxies by red giant winds and planetary neb- 
ulae at a rate 



(7) 



where is the stellar density (typically of order 10 
cm~ 3 in the galaxy centre), and a n (t) = M*/M*(t) is the 
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Fig. 7. Top: Grey-scale reproduction of the distribution of 
Ha+[Nn] emission in the central 60 x 60 arcsec of NGC 5846. 
Bottom: Grey-scale reproduction of the distribution of Av of 
dust extinction in the central 60 x 60 arcsec of NGC 5846. Max- 
imum Av = 0.065 (white), and the faintest detectable dust 
features have an Ay of 0.015. A linear grey-scale transfer ta- 
ble was used for both images to show the similarity of the high 
surface brightness features of dust and nebulosity 



specific rate of stellar mass loss (« 5 x 1CP 20 s _1 , essen- 
tially insensitive to the stellar IMF in the case where the 
bulk of the stars were f ormed in a coeval instantaneous 
burst, cf. Mathews 1989|) . The evolution of internally pro- 
duced dust in a hot, X-ray-e mitting envir onment has been 
studied by Tsai & Mathews ( |1995[ |1996|) who found that 
the vast majority of dust grains at any galactocentric ra- 
dius have been introduced at that same radius, due to the 
steep radial gradients of stellar and gas density and thus 
dust lifetime. The gas and dust ejected from stars are ex- 
pected to merge essentially instantaneously with the hot 
gas (on time scales ~ 10 4 — 10 5 yr, Mathews |1990| ), where 
it is subject to rapid erosion by sputtering. 

The continuous dust injection rate of Eq. (|7|) amounts 
to - 2 x 1CT 3 M y^ 1 for the central 15" of NGC 5846 
(~2 kpc; £?<i5" = 13.16). In a Hubble time, one would 
then accumulate ~ 10 4 M Q of internally produced dust, 
taking into account the short sputterin g tim e scale for 
grains in that region (cf. Tsai & Mathews 1996 ). Although 
this is equal (to within the unc ertainties) to the mass in 
the dust features (cf. Sect. |5.2| ), we have strong doubts 
that the observed dust features are of internal origin. If 
that were the case, it is easy to show that dust features 
similar to these would be easily observed in the central kpc 
of each and every nearby luminous elliptical. Although 
dust has been optically detected in a large fraction of gi- 
ant ellipticals, the mass of such dust certainly does not 
correlate significantly with global properties of the galax- 
ies (Goudfrooij et al. 1994b; van Dokkum & Franx 1995). 
It seems more probable that the gas and dust injected by 
evolved stars into the hot gas generally ends up in a more 
diffuse distribution, thus not easily detectable by optical 
means. Brighenti & Mathews ( 1996[ ) studied the evolution 
of internally produced g function of total angular 

momentum of the stellar system, and found that when 
a small but typical amount of galactic rotation is intro- 
duced, this gas will be deposited in a large disk extending 
out to an effective radius or beyond. 



7.3. Accreted during galaxy interaction ? 

A simple explanation for the asymmetric morphology of 
the main dust feature, which accounts for the presence 
of both dust and gas (as well as their physical associ- 
ation), is that the dust and gas represent the debris of 
material that has been accreted or tidally stripped from 
a small neighbouring galaxy. Comparison of the observed 
filamentary but essentially coherent structure with recent 
model calculations of the formation of dust la nes o r rings 
in galaxies (e.g., Steiman- Cameron & Durisen 198S, 1990; 



Christodoulou & Tohline 1991 ) shows that the accretion 



event must have occurred recently, <, 0.2 — 2 x 10 yr 
ago, depending on the orientation of the in-falling galaxy 
with respect to the equatorial plane of the giant ellip- 
tical. In this respect, it is tempting to identify the ex- 
tended Ha+[N n]-emitting filament (pointing toward the 
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NE) with a tidal feature which might reflect the origi- 
nal direction from which the small galaxy was accreted. 
Kinematic information from deep Ha+ [N n] spectroscopy 
would obviously shed more light on the nature of this fil- 
ament. 

7.3.1. Constraints on the nature of the donor galaxy 

If a galaxy interaction has indeed taken place, the ap- 
parent absence of any obvious "stellar" signs of a re- 
cent interaction such as "shells" or a secondary nucleus 
in NGC 5846 has to be accounted for. 

Shells arc quite common among elliptical galaxies, 
and believed to be stellar remnants of galaxy encounters 
(see e.g., Prieur 1990| ; Forbes et al. 1994, and references 
therein) . Many different model simulations have been put 
forward to account for the presence and morphology of 
shells (e.g., major mergers, minor mergers, and weak inter- 
actions); however, the simulations typically only covered a 
small range of parameter space as to the initial conditions 
and orbital parameters for the interaction. For instance, it 
remains to be seen how sensitive the formation and evo- 
lution of shells is to the nature of the secondary galaxy 
(e.g., mass ratios, galaxy types). The simulations to date 
involved strongly nucleated secondary galaxies (bulges, 
small ellipticals), whereas in- falling irregular galaxies (of 
Magellanic type) may be expected to disrupt significantly 
faster (due to dynamical friction) than strongly nucleated 
galaxies do, which would result in much lower stellar den- 
sities in any shells that might still form. Another (rather 
remote) possibility for not finding shells might be that 
most of the stars from the secondary galaxy have not yet 
had time to form shells (i.e., less than a crossing time), but 
in that case one would expect to see the nucleus of the sec- 
ondary galaxy (if it was indeed nucleated). All in all, the 
absence of shells seems to favour a scenario in which the 
secondary galaxy was not significantly nucleated, e.g., a 
small irregular galaxy. 

The small amount of filamentary dust observed (^ 
10 4 Mq, cf. Sect. 5^2) also indicates that the secondary 
galaxy must have been a small satellite. A galaxy simi- 
lar to the Small Magellanic Cloud (Af dus t = (1.4 ± 0.2) x 
10 4 Mq, cf. Schwering 1988, Chap. 6) seems to be a good 
candidate. 

8. Discussion 

8.1. Survival of the dust 

Let us assume for the moment that the dust lane and 
ionized gas represent remnants of a small, relatively gas- 
rich galaxy, that has recently been accreted by NGC 5846. 
Adopting the velocity dispersion of the NGC 5846 group 
of galaxies of ~ 150 km s _1 (Garcia 1993) as a typical 
asymptotic infall velocity, we estimate that an in-falling 
galaxy crosses the X-ray core of 4.6 kpc diameter in about 
3 x 10 7 yr. This provides a lower limit for the life time of 



the dust in that region unless some form of replenishment 
is taking place. 

How does this compare to the sputtering time scale for 
dust grains? Fro m the analysis of the ROSAT observations 
(Trinchieri ct al. 1997), the electron density of the hot gas 
in the inner 15" of NGC 5846 (where the dust is observed) 
is n e = 0.03 cm~ 3 . From Eq. (^J) we obtain a lifetime of 
8 x 10 6 yr for grains of radius 0.1 /im (jih = 0.83 n e for 
gas with a cosmic abundance of Hydrogen and Helium). 
In principle, this time scale is not very much shorter than 
the crossing time mentioned above, which seems to allow 
for the possibility that the donor was a small irregular 
galaxy which originally hosted a few times more dust than 
that observed at present, of which part of the dust has 
sputtered away in the mean time. On the other hand, it 
is at least as likely that (part of) the dust has already 
spent at least a few crossing times around the nucleus 
of NGC 5846, as evidenced by the multiple filaments of 
dust and nebulosity. In that case, the remaining dust and 
gas clouds must have been replenished to maintain the 
observed dust mass, since the in- falling galaxy cannot have 
been a large one (cf. Sect. 7.3.1 ). Note that this latter 
scenario would be even more likely in case any significant 
number of small grains would still be present. 

8.2. Maintaining the observed amount of dust: Evapora- 
tion off cool gas clouds 

8.2.1. Cooling vs. evaporation 

For the observed dust mass of 7 x 10 3 M , the required 
dust replenishment rate is 9 x 10~ 4 M yr -1 . Our working 
hypothesis is that this replenishment takes place by evap- 
oration off cool gas clouds brought in during the g alaxy 
interaction, as proposed by de Jong et al. ( 1990 ). Al- 
lowing a reasonable range for the gas-to-dust mass ratio 
of 100 — 800 (the latter being appro priate to the Small 
Magellanic Cloud, cf. Bouchet et al. 1985 ), the dust re- 
plenishment rate is equivalent to a gas evaporation rate 
M ~ 0.1 - 0.7 M yr" 1 . 

How does this compare with the mass deposition rate 
derived from the X-ray data? In a steady cooling flow, the 
mass-loss rate required to support the flow is 



M(r) £ 



Lx(r') 
H(r') 



dr' 



(e.g., Thomas et al. 1986| ) where Lx(r) is the X-ray lumi- 
nosity and H(r) = 5 kT e (r)/2 [ivtih is the enthalpy of the 
gas (where \rnin = 1.4 m# is the atomic mass per Hydro- 
gen atom for a gas with cosmic Helium abundance) . Using 
the radial distributions of X-ray flux and electron temper- 
ature of Trinchieri et al. (1997), we obtain M < 0.36 M 
yr -1 for NGC 5846, which is entirely consistent with the 
gas evaporation rate found above. 
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8.2.2. Properties of evaporating gas clouds 

Cold gas clouds embedded in a hot gas are heated by 
fast-moving electrons. Assuming that the clouds are much 
smaller than the mean free path of hot electrons ( "satu- 



rated heat flow"), the heat flow is (Cowie & McKee |1977|) 



<? sat = 0.2 F c kT c 

= 5.42 x 10~ 3 T 3/2 Tio.oi erg cm" 2 s" 1 



(8) 



where F c = n c (8 k T c /n mc) 1 / 2 is the flux of hot electrons 
(e.g., Spitzer |l97S| ), T-j is the electron temperature in units 
of 10 7 K, and no.oi is the electron density in units of 0.01 
cm -3 . In a gas with a cosmic Helium abundance, 2.3 par- 
ticles (1.1 nuclei and 1.2 electrons) have to be evaporated 
(and thus heated to temperature T e ) per Hydrogen atom. 
Thus, the evaporative flux is 



0.2 F e kT e 
2.3 x 3kT e /2 



C058F e atoms cm 2 s 1 . 



Inserting n e = 0.03 cm -3 and T e = 7x 10 6 K (Trinchieri et 
al. 1997), we find that in one core crossing time of 3 x 10 7 
yr, all clouds with column densities Nh ^4x 10 21 cm~ 2 
will have been evaporated. 

This limiting column density of surviving clouds is a 
few times smaller than the one found by de Jong et al. 
(1990) for the case of NGC 4696, the central cD galaxy 
in the Centaurus cluster which features dusty filaments in 
its central regions, with a morphology very similar to the 
ones in NGC 5846. As de Jong et al. showed, this limiting 
column density is still lower than that of the "marginally 
stable clouds" of Spitzer ( |1968[ ), which represent clouds 
whose mass and central density is not quite high enough 
so as to be destroyed on a free-fall timescale. In conclusion, 
there is an appreciable range in column density left for gas 
cloudlets in NGC 5846 to have survived until now, but not 
gravitationally collapsed. 

8.2.3. Energy budget for the dust lane 

In this section we investigate whether the energy lost by 
the hot gas in NGC 5846 through heating dust grains and 
evaporating cool clouds in the central 15" can be balanced 
by transport of heat from the outer regions of the hot gas. 

Heating of dust grains by hot electrons is a major heat 
sink of the hot gas. Using the radial grain temperature 



curves in Sect. 5.3, the IRAS 60 and 100 /im flux densities 



of the dust features due to heating by hot electrons alone 
are found to be Sqq = 3.1 mJy and S'ioo = 10.5 mJy. Using 
the usual formul a for t he total far-infrared luminosity from 
Lonsdale et al. ( 1986 ), 



L Fm = 3.89 x 10 2 (2.58 S 60 + S WQ ) D 2 L 

where Sqq and S'ioo are flux densities in mJy and D is the 
distance in Mpc, we obtain an energy loss due to grain 



heating of 7 x 10 6 L Q (cf. Eq. |5|). The hot gas also looses 
energy by evaporating clouds, at a rate 



M 3kT e 
x 2.3 x — — - 



fim H 



For 0.1 < M [M Q yr" 1 ] < 0.7, this results in (2-13) x 10 6 
L Q . Thus, the total energy loss of the hot gas in the central 
2.3 kpc (= 15") radius of NGC 5846 is ~ (1- 2) x 10 7 L Q . 

How does this compare with the energy transport into 
the core of NGC 5846 ? The amount of heat transported 
by electron conduction is 

Tcond = cT 5/2 AttR 2 dT/dR 



where c = 6 x 10 7 erg s 1 cm 2 K 3 - 5 



(9) 

(e.g., McCray 

& Snow [19791) , The ROSAT data (Trinchieri et al. 1997) 
show that the electron temperature drops from (1.0 ±0.2) 
keV to (0.56 ± 0.06) keV over the inner 2.'5. Hence, we 
find that r con( j — 7.5 x 10 s L Q for the whole 2'5 region, 
and r c0 nd = 7.5 x 10 6 L© for the central region of 2.3 kpc 
radius. The uncertainty of these numbers (due to those of 
the X-ray temperatures) amounts to ~ ±60%. 

Kinetic energy of the small infalling galaxy is another 
— potentially important — heating source for the hot gas 
(cf. Miller [198$ Yahil & Ostriker |l973| ) . The loss of kinetic 
energy can be estimated as 



r kin = l/2M saX v 2 /t h 



J all 



Inserting M ga i = 10 8 M Q (a small irregular galaxy), v = 
150km s _1 , and ti n f a ii = 3xl0 7 yr, wefmdr kin = 1.2xl0 7 
L Q . It seems therefore that the energy losses of the hot 
gas are quite adequately balanced by heat transport, es- 
pecially since we have neglected any other heating sources 
that may be at work, e.g., a modest amount of star forma- 
tion which may be going on. For instance, the absence of a 



colour gradient in the inner regions (cf. Sect. 4.1; Forbes et 
al. 1997) seems to indicate the presence of an age gradient 
in the sense that the stars are younger in the inner re- 
gions than they are outside, because the radial gradient of 
the Mg 2 absorption-line index does indicate a significant 



metallicity gradient (Davidge 1991) 



8.3. Mass and excitation of nebular emission-line gas 

The main properties of the emission-line gas of NGC 5846 
have been discussed already in TdSA, so that we limit 
ourselves here to a reconsideration of its properties in the 
light of the associated dust absorption. 

In a situation where gas clouds are continuously evap- 
orating, it is quite plausible that the excitation of the ion- 
ized gas is (at least partly) provided by collisions with 
hot electrons. In this respect it is interesting to compare 
the heat input from electron conduction with the observed 
energy emitted by the dusty filaments. 

The saturated heat flux (eq. [8]) amounts to 0.012 erg 
s _1 cm -2 multiplied by the surface area of the filament 
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system. Assuming that the total surface area is three times 
the projected surface area (corresponding to a 3-D mor- 
phology intermediate between a sheet and a sphere), we 
obtain a total heat flow energy of 8.6 x 10 42 erg s _1 . The 
far-infrared luminosity of the dust lane is 8 x 10 40 erg s _1 



(cf. Sect. 5.2), while the total Ha+[Nn] luminosity from 



NGC 5846 is 6.7 x 10 40 erg s -1 (TdSA). For gas temper- 
atures of order 10 4 K, the cooling curve of Raymond, Cox 
& Smith ( 1976 ) indicates that the total radiated emission- 
line luminosity is ~ 1Q Q tim es that in Ha+[N n] alone (cf. 
also Ferland & Netzer 1983 ). Thus, the total radiated en- 
ergy from the emission-line filaments is ~ 7 x 10 42 erg s _1 . 
This is strikingly similar to the heat input from electron 
conduction, which makes this an energetically attractive 
excitation mechanism for explaining the nebular emission 
in NGC 5846 (and other X-ray bright early-type galax- 

Macchetto et al. 



ies, see e.g., Sparks et al. 1989 



1996) 



Detailed model computations of the emitted emission-line 
intensity ratios still need to be carried out, however. 

Another viable excitation mechanism of gas in ellip- 
ticals is photoionization by hot post-AGB stars within 



the old stellar population. Binette et al. (1994) recently 
found that post-AGB stars generally provide sufficient ion- 
izing radiation to account for the observed Ha equivalent 
widths and luminosities in a sample of 19 elliptical galax- 
ies. Furthermore, more recent correlation studies on the 
ISM in elliptical galaxies have shown the existence of a 
strong correlation between the Ha+ [N n] luminosity and 
the stellar luminosity within the emitting region, indepen- 
dent of the X-ray properties of the galaxies (Macchetto 
et al. 1996j ; Goudfrooij 1997), which is also quite sugges- 
tive of a stellar origin for the ionizing photons. Binette 
et al. (1994) also showed that the LINER-type emission- 
line intensity ratios, which are typical of nebular gas in 
giant ellipticals (e.g., Veron-Cetty & Veron 1986; Phillips 
et al. |1986| ; Kim |1989| ; Goudfrooij et al. |l994b| ) are well 
fit by their photoionization models. In the present case 
of NGC 5846, we have followed the prescriptions of Bi- 
nette et al. to predict the Ha flux from photoionization 
by post-AGB stars. Using model calculations of an aging 
starburst, Binette et al. estimated the present-day specific 
ionizing photon luminosity for a population of stars typi- 
cally found in elliptical galaxies to be 7.3 1 40 quanta s" 1 
Mq 1 . The total number of ionizing photons (Qh) then 
follows by multiplying this value with the mass of stars 
inside the Ha-emitting region. Integrating Lg within the 
ellipse that encompasses the emitting region, we obtain 
logLs^ <cm = 43.88. Assuming M/Lb = 8 (Binette et al. 
1994), we obtain Qh = 1-1 10 52 s~ 4 . Assuming case B 
recombination and complete re-processing of the Lyman 
continuum photons, we obtain a predicted Ha luminosity 
of 1.5 10 40 erg s _1 . The observed Ha luminosity is only 
slightly higher (2.0 1 40 erg s~\ cf. TdSA), so that post- 
AGB stars should also be considered as serious candidates 
for providing a significant part of the ionizing photons. 
However, the calculations by Binette et al. assumed the 



covering factor of the gas to be unity, which is likely to be 
an overestimate since the gas distribution is much more 
complex than that of the stellar component, i.e., the gas 
is not likely to intercept all ionizing photons from PAGB 
stars within the region outlined by the ellipse that en- 
compasses the emitting region. This suggests that not all 
of the nebular emission observed in NGC 5846 is due to 
photoionization by post-AGB stars. 

The mass of emission-line gas in (elliptical) galaxies 
can in principle be estimated from Ha imaging data in 
case the effective volume occupied by the gas is known. 
Since this is not well constrained, mass estimates rely 
on the assumption that homogeneous physical conditions 
prevail in the gas clouds. The electron density is usually 
taken to be ~ 10 3 cm -3 , appropriate for the observed 
[S n] 6716/6731 doublet ratio in the nuclei of elliptical 



,Ho 

3 at the outskirts of the ob- 
30"). Under the pressure 



galaxies (e.g., Phillips et al. 1986; Kim 1989; Goudfrooij 
et al. 1994b). However, long-slit spectra of extended gas 
in elliptical galaxies (Goudfrooij, in preparation) reveal 
[Sn] 6716/6731 doublet ratios that are in the low-density 
limit (i.e., n e < 100 cm~ 3 ; cf. Osterbrock 1974), which 
implies that the usual mass estimates are lower limits. In 
the case of X-ray bright ellipticals such as NGC 5846, one 
can provide a further constraint on the mass of nebular 
gas by assuming pressure equilibrium with the hot gas, 
i.e., n e ,xT et x = n e ,iiaT ei u a . Since T ejX /T ej n a ~ 10 3 , 
the nebular density can be derived from the density of 
the hot gas. Using the radial X-ray gas density profile of 
Trinchieri et al. (1997), we obtain n R .H« ~ 30 cm -3 within 
r = 15", and n e , hq ~ 9 cm 
served Ha+[Nn] emission (r 
equilibrium assumption, the total mass of nebular gas is 
3.0 10 6 M Q (a factor 54 higher than that obtained by using 
the usual assumption of n e ~ 10 3 cm -3 ). This is similar 
to the mass of neutral gas in NGC 5846 (assuming a rea- 
sonable gas-to-dust mass ratio), which implies that the 
ionized fraction of the gas in ellipticals such as NGC 5846 
could well be much higher than that usually assumed for 
ellipticals. If so, the amount of ionized gas which is seen 
depends critically on the amount of gas present (i.e., not 
merely on the number of ionizing photons available). 

8.4- Concluding remarks 

The main conclusions emerging from this study are as 
follows: 

— A filamentary dust lane with a dust mass of ~ 7 10 3 
M Q has been detected in the central few kpc of NGC 
5846. The optical extinction properties of the dust fea- 
tures (which are due to the "large" dust grains with 
radius ~0.1 /im) are consistent with those of dust in 
our Galaxy. We do not expect this to be also true for 
the "small" grains, as they are very quickly destroyed 
by sputtering in the high pressure, X-ray-emitting gas 
pervading NGC 5846. This can be tested by deter- 
mining the extinction properties in the UV. The mor- 
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phology of the dust features are strikingly similar to 
that observed for the optical nebulosity and the X-ray 
emission. A physical connection between the different 
phases of the ISM therefore seems likely. In view of the 
combination of the filamentary morphology of the dust 
lane, its close association with the ionized nebulosity, 
and the inprobability of forming dust in cooling flow 
condensations, we conclude that the dust as well as 
the ionized nebulosity most likely originate from a re- 
cent interaction with a small, relatively gas-rich galaxy, 
probably of Magellanic type. 

— The lifetime of dust grains in the centre of NGC 5846 is 
shorter than the crossing time of a galaxy through the 
central 5 kpc of NGC 5846 (where the dust is located) , 
which indicates that the dust must be replenished. To 
be consistent with the observed dust mass, the replen- 
ishment rate is ~ 1CU 3 M Q yr -1 . We argue that this 
replenishment can be achieved by evaporation of cool, 
dense gas cloudlets that were brought in during the 
interaction. The mass and density of these cloudlets is 
large enough to have survived evaporation until this 
time, but does not have to be so large that they are 
unstable against gravitational collapse and subsequent 
star formation. 

— The energy lost by the hot gas through heating of dust 
grains and evaporation of cool gas clouds in the central 
few kpc of NGC 5846 is adequately balanced by heat 
sources: heat transport by electron conduction into the 
core of the X-ray-emitting gas and loss of kinetic en- 
ergy of the infalling galaxy. There does not seem to 
be a need to invoke a "cooling flow" to explain the 
X-ray observations of NGC 5846 (although we cannot 
firmly exclude that some part of the radial temper- 
ature gradient in NGC 5846 is due to cooling of hot 
gas). Detailed studies of the multi-phase ISM in other 
X-ray bright early-type galaxies should enable one to 
assess the general applicability of this scenario to X- 
ray bright ellipticals (that are not at the centres of 
clusters) . This issue will be addressed in future papers 
in this series. 
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